The power-voltage curve of a photovoltaic (PV) array shows multiple power peaks under partially shading conditions (PSCs). Hence, conventional maximum power point tracking (MPPT) algorithms can not guarantee the maximum power output of the PV array. In this study, a novel Lipschitz optimization (LIPO) MPPT algorithm, which is effective under PSCs, is proposed and analyzed. Its tracking speed is very fast and tracking efficiency is above 98%. The characteristics of a PV array under PSCs are first analyzed and then the working principle of the proposed LIPO MPPT algorithm is explained. In order to validate the performance of the proposed algorithm, two popular MPPT algorithms, i.e., the modified particle swarm optimization (M-PSO) algorithm and the modified firefly optimization (M-firefly) algorithm, are chosen to compare with it. All three algorithms are fulfilled and compared with each other through both simulations and experiments and the results show that the proposed MPPT algorithm has good performance.
I. INTRODUCTION
Nowadays, with the rapid consumption of fossil fuels, renewable energy sources are attracting considerable critical attention. Solar energy is becoming as one of the most significant current discussions in renewable energy sources. Solar energy can be transformed to clean electric power by photovoltaic (PV) array, which is a set of PV modules connected in parallel and series and is a fundamental part of a PV system. The output voltage and current of a PV array have a highly nonlinear relation and they mainly depend on the environmental conditions, such as solar irradiance and temperature. The powervoltage (P-V) curve of a PV array has only one peak under uniform irradiance while it has multiple peaks under partially shaded conditions (PSCs), including some local peaks (LPs) and one global peak (GP). In order to make the PV array work at the global maximum power point (GMPP), not the local maximum power point (LMPP), tracking the GP of the The associate editor coordinating the review of this article and approving it for publication was B. Chitti Babu.
P-V curve of a PV array in various irradiance conditions is significantly important [1] - [5] .
To increase the output efficiency of the PV system under PSCs, a large number of maximum power point tracking (MPPT) algorithms have been proposed [6] - [27] . Among the various MPPT methods developed so far, conventional MPPT methods, such as perturbation and observation (P&O) [8] , [9] and incremental conductance (IC) [10] methods, are the most widely-investigated ways to extract maximum power under uniform irradiance condition. However, when a PV array is under PSCs, these conventional MPPT methods may fail to track the output GMPP of the PV array. Hence, many new MPPT algorithms, which can successfully track the GMPP of a PV array under PSCs, have been proposed [11] - [27] . The proposed MPPT method in [19] , which combined the robust fuzzy logic control method and the fractional-order method, improved the tracking accuracy in weather variations compared with the conventional fuzzy MPPT algorithm. However, the implementation of fuzzy logic control is complicated and the fuzzy rule table is largely dependent on the designer's experience. In addition, a proper fractional-order VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ factor must be chosen to trade off the tracking speed and accuracy of the algorithm, as pointed out in its conclusion part. Among the developed MPPT methods, the intelligent optimization algorithms are of interest by many researchers due to the ability to handle nonlinear questions. Some popular particle swarm optimization (PSO) algorithms have been proposed [20] - [22] . A deterministic PSO based MPPT algorithm under PSCs was proposed in [20] . The main idea of the paper is to remove the random number in the acceleration factor of the conventional PSO velocity equation. This modification will speed up algorithm convergence and shorten tracking time. However, the algorithm cannot be ensured to track the GMPP in various PSCs since the random numbers are removed. An improved PSO algorithm was introduced in [21] . Its main advantage is the reduction of the steady state oscillation once the GMPP is located. Along with this superiority, however, its tracking speed is not very fast and the realization of it is very complex. The inertia weight and the acceleration coefficients, which are constant in the standard PSO algorithm, are defined as linearly changing in the improved PSO algorithm proposed in [22] . It is easy to implement and it converges to the desired solution faster, compared to the standard PSO algorithm. However, its tracking speed is improved but not significantly and its overall performance is still not very good. In addition, PSO algorithms have the problems of non-convergence and may fail to capture the GMPP under complex PSCs. In [23] , the firefly optimization (FO) algorithm was used to track the GMPP of a PV system. A modified FO algorithm, which can reduce the number of computation operations and the time for converging to the GMPP that the existing FA requires, was proposed in [24] .
In [25] - [27] , grey wolf optimization (GWO) and whale optimization with differential evolution (WODE) MPPT algorithms were proposed. Despite their good performance and efficacy, these algorithms suffer from several major drawbacks. Similar to the PSO algorithm, several parameters of these optimization algorithms are required to be tuned and it is a hard work. The parameters setting unreasonable may cause the algorithm to diverge. The number of biological particles and their initial values have a great impact on the tracking performance. Random numbers are necessary to help the algorithms jump out of the LMPP to search the GMPP, but this will greatly slow down the tracking speed. In summary, the overall performances of the above algorithms are not very good.
A global optimization algorithm called Lipschitz optimization (LIPO), which is based on the Lipschitz function and the Lipschitz constant, was proposed in 2017 and it displayed good performance in typical benchmarks for global optimization. It showed that the LIPO algorithm, which exploits the global smoothness of the function, can achieve faster rates of convergence on globally smooth problems than the previously known methods which only exploit the local smoothness of the function, and it is proved to be faster than any random research optimization algorithms [28] , [29] . For a function with known Lipschitz constant, its global optimization can be achieved with the LIPO algorithm proposed in [28] . In this study, the LIPO algorithm is modified and used to solve the MPPT problem of the PV system in the field of electrical engineering. A LIPO based MPPT algorithm is proposed and used to track the global maximum output power of PV system under various PSCs. The switch duty circle of the convertor is the independent variable, while the output power of the PV system is the function value. When optimizing PV system output power, the working principle of the LIPO MPPT algorithm and the method to calculate the Lipschitz constant are described in details in this paper. The evolutionary algorithms are widely used in the MPPT area of the PV array and are of great interest by researchers due to the ability to handle nonlinear questions. In order to assess the performance of the proposed LIPO MPPT algorithm, two typical evolutionary algorithms with excellent performance, i.e. the modified PSO (M-PSO) algorithm and the modified firefly optimization (M-firefly) algorithm, are opted to compare with it via simulations and experiments. Both the simulation and experimental results show that the proposed LIPO MPPT method boasts some advantages. The key parameter of the LIPO MPPT algorithm, i.e. the Lipschitz constant, can be calculated using the maximum slope of the power-voltage curves under various PSCs, which can be obtained through simulations, and the open circuit voltage of the PV system. For a certain PV system, the Lipschitz constant in the proposed algorithm is constant, so its tracking speed and efficiency are basically stable under any illumination conditions and are not be affected by other factors. The proposed algorithm has fast tracking speed and high tracking efficiency, and it can successfully track the GMPP of the PV system under various PSCs.
The remainder of the paper is organized as follows. Section II introduces the characteristic of a PV array under uniform irradiance and partially shaded conditions. Section III tells the working principle of the proposed LIPO MPPT algorithm in detail. Then, the proposed algorithm are compared with two current popular MPPT algorithms through simulations and experiments. The simulation results are presented in section IV while Section V describes the experimental results. Finally, the paper is concluded in Section VI.
II. CHARACTERISTICS OF PV ARRAY
A PV array contains several PV strings connected in parallel, where every PV string is constituted by several PV modules connected in series, as shown in Fig. 1 . Each PV module is consisted of several PV cells connected in parallel and series. The power of a single PV cell is very small and it cannot be used alone in practical applications, so the PV module is usually taken as the basic unit of a PV array. PV modules have different outputs under different irradiance conditions, hence, studying the characteristics of a PV module is very important under various irradiance conditions, i.e., uniform irradiance condition and PSCs [30] - [33] . 
A. UNIFORM IRRADIANCE CONDITION
In order to study the output characteristic of a PV module, different electrical circuit models have been proposed by several researchers. The single-diode model shown in Fig. 2 , which is the most commonly used model due to its quite accurate result and simple structure, is opted in the paper. Based on the single-diode model, the output current of a PV module can be expressed as:
where V mod and I mod are the output voltage and current of the PV module, I ph is the equivalent photo-generated current of the PV module, I 0 is the reverse saturation current of the equivalent diode, V T = nkT /q is the thermal voltage of the PV module, A is the diode ideality factor, R s and R sh are the equivalent series and parallel resistances of the module respectively, n is the number of series connected cells, k is the Boltzmann's constant, T is the module temperature (in Kelvin), q is the electron charge. The change in temperature is usually not particularly sever, so this paper mainly studies the effect of irradiance on the output characteristic of a PV array under PSCs. The output current of a PV array, which contains N p parallel strings and N s series modules in each string, under uniform irradiance condition, can be then expressed as:
where k = N s /N p , V array and I array are the output voltage and current of PV array, I ph = N p I ph is the equivalent photogenerated current of PV array, I o = N p I o is the reverse saturation current of the equivalent diode, V T = N s V T is the thermal voltage of PV array.
B. PARTIALLY SHADED CONDITION
Under PSCs, some modules of the PV array receive high irradiance and some other shaded modules receive low irradiance, so the output characteristic of the PV array cannot be expressed with (2) any more, which is derived from the uniform irradiance condition. In a PV string, high irradiance modules, which generate more current than the shaded ones, provide the equivalent output current of the PV string. According to Kirchhoff's Current Law, the currents passing through all series modules must be equal. Therefore, portion of the string current, which is greater than the current generated by the shaded modules, have to pass through the parallel resistance R sh of the shaded modules. In this condition, the low irradiance modules serve as a load and consume power instead of producing it, which may cause hot spot effect and even cause damage to the PV module. The terminal voltages of two PV strings may also be different under partially shaded conditions, which may cause back current from the higher voltage string to the lower voltage string. To solve these problems, every PV module is paralleled with a bypass diode, which is used to help the shaded module pass through the extra portion of the string current, and each PV string is connected in series with a blocking diode to avoid back current, as shown in Fig. 1(a) . However, the bypass diode will introduce a new problem in the meanwhile, i.e., the P-V curve of a PV array may occur multiple peaks under partially shaded condition. It has been reported that the multiple peaks are mainly related to the number of the PV modules connected in series in the PV array under PSCs in [22] . A PV array containing three series-connected modules (3S structure), as shown in Fig. 1(a) , is taken as an example to analyze the output characteristics of a PV array under PSCs for the sake of simplicity in the following paper. The maximum number of peaks that may occur is three for the 3S PV array, which is equal to the number of PV modules connected in series. The irradiance parameters of the 3S structure PV array are listed in Table 1 and the corresponding P-V curves are shown in Fig. 3 . GP1, GP2 and GP3 marked in Fig. 3 are the global peaks of the P-V curves under pattern 1, pattern 2 and pattern 3, respectively. As can be seen from 
III. PROPOSED METHOD FOR MPPT A. INTRODUCTION OF LIPO ALGORITHM
An efficient global optimization algorithm based on Lipschitz constant, which can achieve faster rates of convergence on globally smooth problems than the previously known methods which only exploit the local smoothness of the function, was introduced by Malherbe and Vayatis in 2017. It displays great performance and is proved to be faster than a pure random search algorithm mathematically [28] .
For a Lipschitz function f (x), x ∈ X , if it meets Lipschitz condition |f (x i )-f min (x 0 )| <= k|x i -x 0 | for all x i ∈ X , we call k the Lipschitz constant. The x 0 represents the value of x that minimizes the value of the function and Lipschitz constant k is the maximum slope of the function that may exist. The Lipschitz condition k can be used to calculate the upper bound of the function during the optimization. Please note that there exist two upper bound curves at each point x due to the inclusion of absolute value symbols in the Lipschitz condition. The goal of the LIPO global optimization algorithm is to search the maximum value of an unknown function f (x) for all possible x.
The working principle of LIPO algorithm is illustrated in Fig. 4 . A function f (x), with known Lipschitz constant k and input space X , is shown in Fig. 4 with the bold curve. A random point x ∈ X is selected at each iteration and the algorithm decides whether or not to evaluate the function value at this point. If and only if the upper bound calculated at the point according to the upper bound curves is at least equal to max f (x), which is the function value of the best evaluation observed so far, then the function value at the point would be evaluated and the upper bound at this new point should be calculated. The upper bound curves corresponding to these evaluated points, as shown in Fig.4 with thin zigzag lines, are calculated through the Lipschitz condition. The max f (x) is updated at each iteration and will approach to the global maximum of the function within several iterations.
According to the working principle of the LIPO algorithm illustrated above, the general working flow of the LIPO algorithm is as follows.
1) Initialization. Lipschitz constant k, maximum iteration times N and the input space X should be initialized to certain values. Lipschitz constant k is the maximum slope of the function, N is used to set the allowed maximum iteration times of the algorithm and the range of the input variable X (x min , x max ) is used to specify the optimization space. The best evaluation value max f (x) can be initialized to the first evaluated function value.
2) At each iteration n, select a random x and decide whether or not to evaluate the function at this point using LIPO algorithm. If and only if the upper bound value calculated at the point according to the upper bound curves is not less than the best evaluation value max f (x), the function value at this point would be evaluated and new upper bound curves at this point would also be calculated.
3) Update the best evaluation value max f (x) observed so far during each iteration and repeat searching new x until iteration times n equals to the maximum iteration time N . 4) Stop iteration and output the maximum value max f (x) and the related variable x g , which is the searched optimal value of the evaluated function.
The pseudo code of the LIPO algorithm can be written as follows:
B. LIPO-BASED MPPT ALGORITHM
The MPPT of PV system is essentially a global optimization problem. The LIPO algorithm is a novel and effective global optimization method, which is suitable for tracking the GMPP of a PV system. A LIPO-based MTTP algorithm is proposed in this paper. A PV system with a boost converter, as shown in Fig. 5 , is used to test the proposed LIPO-based MPPT method in this paper. The parameters of the boost converter and the PV module used in this paper are listed in Table 2 . Boost converter can follow the MPP of PV array at all times, regardless of the solar insolation, the array temperature, and the connected load. A resistive load is used to absorb the power transmitted from the PV system to the LIPO (k, N , X boost converter, instead of an actual inverter, to simplify the experimental setup, which is sufficient for the purpose of this study [21] , [25] , [26] , [35] . The MPP of the PV system can be tracked by controlling the switch duty cycle of the boost converter.
The flowchart of the proposed LIPO-based MPPT method is shown in Fig. 6 . In the beginning of the algorithm, some parameters are initialized, such as the input space X , number of iterations N and Lipschitz constant k. The input variable x and the function value f (x) of LIPO algorithm represent the switch duty cycle of the boost converter and the output power of the PV system, respectively. Therefore, the range of x is usually initialized as 0.1-0.9 and the function value (output power of the PV array) can be calculated with the sample values of the output voltage and current of the PV system. If the change in x becomes smaller than a threshold, or if the maximum number of iterations N is reached, the proposed MPPT algorithm will stop and output the obtained x g solution. The convergence threshold for the proposed LIPO MPPT algorithm can be set between 0.3% and 1% in this paper [20] , [22] . Based on the output characteristic of the PV array, which is introduced in Part 2, Lipschitz constant k can be determined by simulations. The power-voltage curves under various PSCs can be obtained using the output characteristic of the PV array through curves of 3S structure under six different irradiance conditions are c1-c6 and k1-k6 are corresponding Lipschitz constant k of each curve. It can be found through simulations that the maximum Lipschitz constant k of a PV array generally appears in the state of maximum irradiance and the value is always less than 1500 for this PV array. In order to be able to track the MPP of the PV array under various PSCs, the value of Lipschitz constant k should be greater than the maximum Lipschitz constant k and it's set to 1500 in this paper.
In the nth iteration, the function value and upper bound at the point x are calculated at first stage of the algorithm. After that, compare and find out the UBmax of the upper bound curve at the moment and calculate the related x. The UBmax, as shown in Fig.4 , is the maximum upper bound of the function at the moment and is updated at each iteration. The related x is used as the new point of the next iteration, so its function value is evaluated and the upper bound curves at this new point is calculated. Then the best evaluation value max f (x) of the function observed so far is updated and the algorithm will start the next iteration unless the number of iterations is equal to N . It is noteworthy that we have made some improvements here to speed up the search process. The point corresponding to the maximum upper bound UBmax at the moment is used as the point of the next iteration, instead of a random point. Stop iteration and output the maximum value max f (x) and the related variable x g when the number of iterations equals to the initialized integer N .
If the PV system is under steady irradiance condition, the output characteristic will be constant. However, it is impossible for the weather condition to remain stable in reality and the irradiance received by the PV system may change at any time. If the irradiance change is detected, the algorithm will start again to search for the maximum power point under new irradiance condition. In order to detect the change of the irradiance condition, the relative power change between current power and maximum power already tracked is calculated and compared with a pre-set critical power change. The judgment standard of detecting irradiance change can be expressed as follows:
term P n and P max denotes the current power and the already tracked maximum power of the PV system, respectively. P set is the threshold value of critical power change. If the percentage of the power difference is greater than the critical power change P set , it means that new irradiance condition is detected and the MPPT algorithm need to restart again. Both slow and dramatic weather changes can be detected through this judgment standard. The threshold value P set are determined according to the simulations of many partial shading scenarios on various structures of PV array according to [34] , and can be set to 2% in the research.
IV. SIMULATION RESULTS
In this section, simulation results according to the proposed LIPO MPPT algorithm will be presented. A boost converter, as shown in Fig. 5 , is used to control the output power of the PV array. In order to prove the performance of the proposed MPPT method, its performances are compared with other typical MPPT methods, the modified PSO (M-PSO) algorithm proposed in [22] and the modified firefly (M-firefly) algorithm proposed in [24] under different PSCs. The parameters of the proposed LIPO algorithm is k = 1500, and the M-PSO algorithm are w max = 1, w min = 0.1, c 1,max = 2, c 1,min = 1, c 2,max = 2, c 2,min = 1 according to [22] , and the M-firefly algorithm are β 0 = 1, γ = 0.96 according to [24] . The particle number of both the M-PSO algorithm and the M-firefly algorithm are chosen to be 6 according to [22] and [24] , respectively. In this paper, the particle value represents the switching duty cycle of the boost converter.
As mentioned above in Part two, the 3S structure PV array has two main PSCs. The irradiance of each PV module under pattern 1 and pattern 2 is shown in Table 1 and the corresponding P-V curves are shown in Fig. 3 . The maximum output power of the PV array under pattern 1 is about 46.15 W while it is about 45.92 W under pattern 2. According to [34] and [35] , the control cycle of V and I needs to be longer than the transient response time of the PV system and the transient response time is determined by the main circuit parameters. Therefore, 5ms is chosen as the control cycle of our system due to the response time of the designed hardware circuit is less than 4ms in this study. Please note that the output power of the PV array is calculated every 5ms as the control cycle of the output voltage and current is 5ms in the simulation. In order to illustrate the optimization process of the algorithm clearly, all waveforms were shown in the sample-hold method in this paper, instead of directly connecting two adjacent sampling points.
Simulation waveforms of the proposed LIPO MPPT algorithm, the M-PSO MPPT algorithm and the M-firefly MPPT algorithm under pattern 1 are shown in Fig. 8 . Tacking time is defined as the time from the start of the algorithm to the moment when the system has reached its steady state. The system is considered steady after the fluctuation of the output power of the PV array is less than 2% in this paper. With the proposed LIPO MPPT algorithm, it takes about 0.16 s to track the GMPP and the tracked maximum power of the PV array is about 45.96 W, as shown in Fig. 8(a) . The tracking time is 0.26 s, while the tracked maximum power of the PV array is about 46.07 W using the M-PSO MPPT algorithm, as shown in Fig. 8(b) . It takes about 0.21 s to track the GMPP and the tracked maximum power of the PV array is about 45.95 W for the M-firefly MPPT algorithm, as shown in Fig. 8(c) . A comparison of the simulation results reveals that the M-PSO algorithm has higher efficiency than the proposed LIPO MPPT algorithm and the M-firefly MPPT algorithm, but the M-PSO algorithm has the slowest tracking speed. The proposed LIPO MPPT algorithm has the fastest tracking speed and its tracking efficiency is higher than the M-firefly MPPT algorithm under pattern 1. In summary, the proposed algorithm has good overall performance. Fig. 9 shows the simulation waveforms of the proposed LIPO MPPT algorithm, the M-PSO MPPT algorithm and the M-firefly MPPT algorithm under pattern 2. The proposed LIPO MPPT algorithm takes about 0.17 s to track the GMPP and its tracked maximum power of the PV array is about 45.84 W, as shown in Fig. 9(a) . With the M-PSO MPPT algorithm, it takes about 0.32 s to track the GMPP and the tracked maximum power of the PV array is about 45.88 W, as shown in Fig. 9(b) . The tracking time and tracked maximum power of the PV array are 0.21 s and 45.84 W, respectively, as shown in Fig. 9(c) . Comparing the tracking time and tracked maximum power of the PV array of the three algorithms, it can be seen that the algorithm proposed in this paper has the best tracking speed and efficiency under pattern 2.
In order to verify the dynamic performance of the proposed LIPO MPPT algorithm, simulations under rapidly changing irradiance situation are also performed and the results are shown in Fig. 10 . At the beginning of the simulation, the PV array is under pattern 1. At the time t = 0 s, the LIPO MPPT algorithm start to work and it takes about 0.16 s to track the GMPP and enter into steady state. Then, at the time t = 0.3 s, the irradiance of the PV array changes and the irradiance of the PV array changes to pattern 3. The proposed algorithm detects the change and starts again to track the new GMPP. It takes about 0.155 s for the LIPO MPPT algorithm to track the new GMPP under pattern 3. Simulation results show that the proposed LIPO MPPT algorithm have good dynamic performance.
Simulation results for the three algorithms under pattern 1 and pattern 2 are concluded in Table 3 . It can be concluded from the simulation results that the proposed LIPO MPPT algorithm can successfully track the GMPP under various PSCs. It works well when the irradiance of the PV array changed rapidly. In summary, the proposed LIPO MPPT algorithm has fast tracking speed, high efficiency and good dynamic performance.
V. EXPERIMENTAL RESULTS
After verifying the effectiveness and superiority of the proposed LIPO MPPT algorithm through simulations, experiments have been also performed for verifying the feasibility of the proposed method in practice and the experimental results will be introduced in this part. A PV simulator is used to simulate the PV array under PSCs and a 100 resistance is used as a load of the PV system. The type of the PV simulator is IT6515C and TMS320F28335 is opted as the digital signal processor of the system. The experimental setup built in this study is shown in Fig. 11 . The parameters of the boost converter and the PV modules used in the experiments are listed in Table 2 . Please note that the control cycle used in the experiments is different from the control cycle (5 ms) used in the simulations. Since the PV simulator used in our experiments has a slow response speed, the control cycle used in the experiments is chosen to be 50 ms in this paper. The tracking speed of the algorithm in the experiments is affected by the modulation speed of the used PV simulator and can be improved greatly when a high speed PV simulator is adopted. Other parameters used in the experiments are the same as those used in the simulations.
Experimental waveforms of the proposed LIPO MPPT algorithm, the M-PSO MPPT algorithm and the M-firefly MPPT algorithm under pattern 1 are shown in Fig. 12 . With the proposed LIPO MPPT algorithm, the tracking time is 2.6 s and the tracked maximum power of the PV array is about 45.7 W, as shown in Fig. 12(a) . It takes 3.1 s to track the GMPP and the tracked maximum power of the PV array is about 45.9 W for the M-PSO MPPT algorithm, as shown in Fig. 12(b) . The tracking time of the M-firefly MPPT algorithm is 3.0 s and the tracked maximum power of the PV array is about 45.7 W, as shown in Fig. 12(c) . The experimental data confirmed that the proposed LIPO MPPT algorithm is very fast and efficient under pattern 1 compared to the other two algorithms.
Experimental waveforms of the proposed LIPO MPPT algorithm, the M-PSO MPPT algorithm and the M-firefly MPPT algorithm under pattern 2 are shown in Fig. 13 . With the proposed LIPO MPPT algorithm, the tracking time is 2.6 s and the tracked maximum output power of the PV array is about 45.2 W, as shown in Fig. 13(a) . With the M-PSO MPPT algorithm, it takes 3.4 s to track the GMPP and the tracked maximum power of the PV array is about 45.4 W, as shown in Fig. 13(b) . The tracking time of the M-firefly MPPT algorithm is 2.9 s and the tracked maximum power of the PV array is about 44.6 W, as shown in Fig. 13(c) . The findings of this study suggest that the efficiency of the M-PSO MPPT algorithm is a little higher than the LIPO and the M-firefly MPPT algorithms, as shown in Table 4 . However, the overall performance of the M-PSO MPPT algorithm is limited by its slowly tracking speed. Comparing the experimental results of the proposed LIPO MPPT algorithm and the M-firefly MPPT algorithm, it is obvious that the proposed LIPO MPPT algorithm has both faster tracking speed and higher efficiency than the M-firefly MPPT algorithm. Taken all the above analysis together, the proposed LIPO MPPT algorithm has good overall performance.
By comparing the simulation results with the experimental results, we can find that the results of them are basically VOLUME 7, 2019 matching. These results suggest that the proposed LIPO MPPT algorithm has high efficiency and fast speed. Considering all the above experimental results and analysis together under pattern 1 and pattern 2, the proposed LIPO MPPT algorithm has good overall performance compared with the other two popular algorithms. The experimental results under PSCs of the three algorithms are summarized in Table 4 .
VI. CONCLUSION
A novel LIPO MPPT algorithm, which has great performance under PSCs, is proposed in this paper. The output characteristics of the PV array under PSCs are analyzed and the working principle of the proposed LIPO MPPT algorithm is introduced. The key parameter of the LIPO MPPT algorithm is the Lipschitz constant and the method to calculate it is introduced in details in the paper. The proposed algorithm can successfully track the GMPP under various PSCs and it has good dynamic performance. The M-PSO algorithm and M-firefly algorithm are opted for comparison to verify its performance through simulations and experiments. Both the simulation and experimental results show that the proposed LIPO MPPT algorithm exhibits superior performance compared to other two MPPT algorithms. The speed of the proposed LIPO MPPT algorithm is very fast and the tracking efficiency of it is more than 98%.
